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ABSTRACT 
A thorough literature review was conducted on academic research related to sublevel cave 
(SLC) mining and all processes involved in the continued production of an SLC mine. In 
review of the research, it was highlighted that there was limited information regarding the 
impacts associated with sleep time of a pre-charged production ring. 
In understanding this gap in literature a scope was constructed to investigate the correlation 
between the following production blasting variables: 
• The change in vibration amplitude with a changing sleep time of production rings;
• Detonation performance measured by blast vibration accuracy and the sleep time
of production rings;
• Oversize drawpoint statistics measured as a percentage of the total production
tonnes and the sleep time of production rings.
The research methodology involved; the collection of particle vibration data from four 
geophones installed in Ernest Henry Mine and the collection of operational data to assess the 
sleep time, oversize and detonation of each recorded blast. 
Utilising the data obtained from site, the particle vibration data was examined to determine 
the peak particle velocity of each blast in order to determine the site-specific constants k and 
alpha. K represents the intensity of particle vibrations induced by blasting while alpha 
represents the attenuation of particle vibrations in the surrounding rock media. The data was 
separated into two ranges of sleep time to represent the production and safety requirements 
from site. It was then assessed for changes to the site constants. It was determined that the k 
value decreased by more than half with a sleep time greater than 21 days suggesting a large 
reduction in intensity as well as a reduction of the R2 value from 0.6622 to 0.4875 with a 
sleep time above 21 days suggesting a loss in reliability of the model with an increased sleep 
time. 
Furthermore, a sample data set was established in order to represent the total data gathered 
and for the sample data set a blast signature was created from the blast recording for each of 
these blasts. Moreover, utilising the information from site regarding the production blast 
timing as well as the maximum instantaneous charge and distance of each blast from the 
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geophones, a predicted peak particle velocity was determined using the scaled distance law. 
From this the variance of the predicted peak particle velocity to the recorded peak particle 
velocity was found for each delay in all 10 blasts. In analysing this it was found that the 
detonation performance was greatest with lower sleep times while as the sleep time increased 
the variance became more erratic. This finding supported the conclusions of the site constant 
analysis. 
In addition to the particle velocity analysis an investigation into the relationship of oversize 
with sleep time was conducted using oversize data calculated from operational recordings at 
site. A statistical analysis was conducted to examine the correlation between these two 
variables. The results provided a conclusion that there is a possibility that sleep time is 
positively correlated with oversize as a percentage of designed tonnes for each ring. It was 
suggested that the reason behind the mild correlation was possibly related to the quantity of 
factors that contribute to fragmentation and flow. 
The investigation concluded by recommending that no production ring be blasted with a sleep 
time greater than 21 days. Furthermore, it is also recommended that a measure of 
performance be developed for production blasting as well as research into explosive property 
behaviour in underground blasting conditions over a long period of time. Additionally, an 
assessment of the direct VOD measurement for production ring blasts would provide the 
possibility to assess the explosive property change with varying properties. 
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1. INTRODUCTION 
1.1 BACKGROUND 
When looking at the optimisation of production blasts in sub level cave (SLC) mines, drilling 
and blasting techniques are often seen as the major factor for improving efficiency and 
productivity in a mining operation (Onederra, 2005). Pre-charging of production blasting 
rings is seen as a factor of large importance when increasing operational efficiency by 
improving areas of lost production such as, redrilling, brow control, hook up practices, 
improved ergonomic positioning and, production flexibility (Trout, 2002). Production blast 
performance in SLC mining plays a vital role in the productivity of the mine. This is due to 
the effect that production blasting has on material fragmentation, flow and recovery (Spathis, 
2013).    
While pre-charging has a variety of benefits with regards to safety and operational practices, 
the impacts of pre-charging on blast performance and fragmentation are relatively unknown. 
The following investigation looks at improving the understanding of the effect of pre-
charging on oversize and blast performance by determining if there is a correlation between 
pre-charge time and the effectiveness of production blasting in underground SLC mining.  
1.2 MINE SETTING AND BACKGROUND INFORMATION 
The following report is based on the Ernest Henry Mine (EHM), which is an SLC operation 
located in the far north west of Queensland. It is a porphyry copper and gold deposit which 
was originally mined as an open pit and since been transitioned to underground. The mine has 
production targets of 6 Mt/a with an approximated life of mine of 12 years. The ore body dips 
at 45 degrees with sublevels situated at 25m intervals. A view of the mine with both open pit 
and underground can be seen below in Figure 1. 
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Figure 1. View of EHM including the open pit and sublevel cave (Power & Campbell, 2016). 
Blasting is an integral part of EHM production cycle. Due to SLC being the mining method 
of choice, it is essential to ensure best practices are followed. When considering SLC 
production blasts, there are many factors that have a varying degree of impact in producing 
an efficient and effective blast. Table 1 displays a number of these input variables: 
Table 1.  
Contributing factors that affect blast performance (Brunton et al, 2010). 
Contributing Factor Variable or Standard 
The draw ratio from proceeding rings Somewhat Variable 
The rock mass conditions Assumed Standard 
Blasting Parameters Standard 
The sleep time of each ring Variable 
The type of explosives used Standard 
It is possible to control most, but not all factors due to the nature of production blasting. It is 
important to implement practices that look to optimise and maintain safe and effective blast 
results (Trout, 2002). Outputs that can be used to determine the effectiveness of each blasts 
include: 
• Quantity of oversize rock >1.2m, 
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• Near field particle vibrations, 
• If collars are present and how many, 
• The brow conditions and back break, 
• Hang-ups, 
• Fragmentation and flow of the draw point, 
• Excessive fines. (Brunton, 2009) 
The performance can be ranked using different methods based of a combination of desirable 
blast outcomes incorporating each of these factors, the end goal being to increase efficiency 
in production and decrease costs downstream (Grant, Little, & Bettess, 1995). Quality 
assurance quality control (QAQC) practices should be implemented to determine the 
correlation between the blast outcome factors, and the controlling variables. When 
correlations are found, processes must be put in place to achieve the best possible outcomes 
and therefore increase the efficiency of the mining operations.  
1.3 AIMS AND OBJECTIVES 
The aim of this research is to improve the understanding of the potential impacts of pre-
charging and extended sleep times on several performance indicators such as oversize, blast 
vibration amplitude and detonation performance measured against blast vibration signatures. 
In order to achieve the above aims several tasks were identified, these are listed below: 
• Conduct a thorough literature review in order to gain knowledge on background 
information and identify areas of scarcity in published research, 
• Develop a methodology in which the aims can be examined utilising site 
equipment to gather data for analysis, 
• Identify limitations that can be overcome in order to increase the accuracy and 
reliability of the research, 
• Calculate site specific constants based on the data recordings from site to gain an 
understanding of relationships between highlighted variables, 
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• Critically analyse data in order to develop conclusions for the aims of the research 
project. 
Because of the large quantity of factors contributing to a production blasts performance and 
the nature of the environment such as the geological conditions along with the rock mass 
conditions it is not possible to control all of the factors (Brunton et al, 2010). This constraint 
leads to the assumption that these variables are assumed constant across the site. 
1.4 SCOPE 
An extensive literature review was undertaken to ensure a vast understanding of key 
principles regarding production blasting in SLC mines. The following list details areas of 
importance when reviewing literature. 
 Common Practices in industry, 
 Influencing factors on blast performance and areas for improvement, 
 Explosive Characteristics, 
 Fragmentation, flow and recovery of ore in SLC mining, 
 Analysis techniques and strategies to improve practices. 
Following the literature review, four geophones were installed at EHM SLC mine located 
30km northeast of Cloncurry. The geophones were implemented on 1550 level, which is a 
central level. Blasts were recorded with the distribution of blasts being a representation of 
common practices at the mine site. As well as installation of the geophones, all details 
regarding each recorded blast such as; blast timing, blast spacing, explosive mass, oversize 
data, sleep time etc. were acquired for further analysis.  
Using the information gathered from EHM a thorough analysis was conducted to analyse the 
blast signatures recorded. The recordings were also used in determining the site-specific 
constants based on methods researched in literature. From the analysis of the geophone, an 
extensive comparison process was completed to evaluate each blast and determine the 
effectiveness of each blast. This provided the basis for the blast performance analysis and 
allowed for correlations between sleep time, oversize and detonation performance to be 
assessed.  
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1.5 INDUSTRY RELEVANCE 
In SLC mining, it is common practice to pre-charge production blast rings to ensure safety 
and accuracy while charging. This also allows for flexibility concerning firing times as it is 
not always possible to follow strict day-to-day schedules (Trout, 2002). When pre-charging is 
undertaken, the impact on efficiency from delaying the blast have not yet been established 
(Andrieux, 1996).  
The research provides an understanding of whether or not oversize is related to sleep time 
along with the relationship between sleep time and particle vibration amplitudes and whether 
or not pre-charging has any adverse effects on draw point conditions and blast efficiency. In 
understanding these parameters provides the opportunity to minimise operational costs and 
provide a value capture for the SLC process. Minimising the operational costs by increasing 
efficiency and optimising fragmentation has been a key driver in previously conducted 
studies which have shown the impact of fragmentation and blasting efficiency on the 
productivity of mining operations (Grant, Little, & Bettess, 1995; Onederra I. , 2005; Brunton 
et al, 2010). The report provides industry with information either to support or improve 
current practices and optimise the mining output.  
1.6 METHODOLOGY 
The following methodology was followed in the completion of the following investigation. 
 A thorough literature review, to develop an in-depth understanding of theory relating 
to pre-charging; 
 Installation of 4 geophones (901, 902, 903 and 904 on Figure 2) in 2 central oredrives 
on level 1550 of EHM SLC where the layout of the level with each production ring 
and ring number is shown in Figure 2 below;  
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Figure 2. EHM SLC level 1550 layout with 4-geophone installation locations shown as 901, 902, 903 and 904. 
 Data collection in order to provide quantitative information for evaluation; 
 Data processing and manipulation to ensure that all data is accurate and relevant; 
 Data analysis through the development of data investigation techniques; 
 Investigations into the relationships identified and interpretation of results 
 Development of conclusions including the identification of limitations and further 
recommendations. 
1.7 THESIS OUTLINE 
The following report begins by giving an in depth review of academic research published 
regarding SLC mining input variables such as production blasting, production blast design, 
explosive characteristics, fragmentation, flow and recovery, blast performance diagnostics. 
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From understanding the past literature on the topics related to production blasting in SLC 
mining, areas of importance were highlighted and a methodology was determined. Using this 
methodology, a quantitative analysis of sleep time of pre-charged rings in SLC production 
blasting was conducted in order to achieve the aims and objectives of the research. 
The report then details the data collection process as well as the how each piece of data 
would be interpreted. The type of data obtained is highlighted and analysis techniques are 
identified for investigation. 
Following on from the data collection the report then details a thorough analysis of particle 
velocity against sleep time providing a review of the findings. The particle vibration 
investigation is broken into 2 sections, firstly calculating and interpreting the site constants 
breaking the data out into sleep time ranges and secondly, examining the detonation 
performance of a sample data set to determine if there are any effects due to sleep time. 
Succeeding the particle vibration analysis is an exploration of the blast performance through 
oversize rocks in a draw point and how this output is related to sleep time. In analysing the 
blast performance through oversize, limitations are identified and mitigation techniques are 
recommended in order to better understand this relationship. 
Finally, conclusions and recommendations are offered based on the investigations conducted 
regarding the relationships between sleep time, particle vibration and blast performance. 
In completing the research project several documents were completed as project management 
tools to follow and allow for the successful completion of the research. This consists of 
Appendix G where a project schedule is displayed in Figure 40. Appendix H where a risk 
assessment was conducted and is presented in Table 13, Table 14, Table 15 and Table 16. 
And Finally in a contingency plan is outlined in Appendix I in Table 17. 
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2. LITERATURE REVIEW 
2.1 INTRODUCTION 
Theories based on SLC mine production blasting along with investigations into fragmentation 
modelling and explosive material properties have been compiled for examination in order to 
highlight and address areas for further optimisation in SLC mines. Specifics regarding 
production blasting such as theories behind blast design parameters, common blasting 
practices, pre-charging and reasons for pre-charge implementation have been thoroughly 
researched in order to develop an extensive understanding of production blasting in SLC 
mining.  
Further theoretical concepts such as fragmentation and flow within an SLC mine and what 
effects blasting parameters play on different fragmentation outcomes have been focused on to 
provide background for the key influential parameters in optimisation of production blasting. 
Additionally, blast-monitoring techniques have been researched and analysed to provide a 
basis for data collection and analysis. This is conducted with a focus on models that have 
been developed in direct relation with underground blast optimisation. In conjunction with 
underground blast optimisation, theory investigating explosive material desensitisation has 
been researched to provide a background on the life cycle of explosive material and the 
change in explosive properties overtime. 
2.2 PRODUCTION BLASTING IN SUB LEVEL CAVE MINING 
As defined by Hamrin, (2001), mining method selection is based on a variety of parameters, 
which define the shape, and size of the ore body as well as the geotechnical and geological 
properties of the rock mass. SLC mining is a low CAPEX underground mining method. The 
operation of a SLC mine involves several active levels defined by the orebody, which 
progressively move deeper into the orebody. Figure 3 displays the production cycle of a SLC 
mine.  
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Figure 3. Mining by sublevel caving (Hamrin, 2001). 
The production cycle for SLC mining consists of progressively retreating along ore drives 
through up-hole drilling and production blasting. In literature by (Brunton, Fraser, 
Hodgkinson, & Stewart, 2010), (Brunton & Chitombo, 2009), (Brunton, 2009), (Trout, 2002) 
(Bull & Page, 2000), (DeGagne & McKinnon, 2005), (Onederra & Chitombo, 2007), 
(Hustrulid & Kvapil, 2008), (Kvapil, 1998) and (Hamrin, 2001) it has been identified that 
production blasting has significant impact on the overall efficiency and productivity of SLC 
output through material fragmentation, flow and recovery. Although this appears to be clear 
trend in the literature, the impact of individual drill and blast design parameters has not yet 
been significantly modelled and is not extensively understood. There has been limited small 
or full scale experiments conducted with the objective of defining the importance of specific 
design parameters. In the limited literature published, it is evident that several controllable 
drill and blast parameters must be considered for further SLC production blasting 
optimisation to be achieved. 
2.3 SLC BLAST DESIGN PARAMETERS 
Bull & Page, (2000) highlighted the importance of taking a progressive approach with 
regards to SLC operations. This is due to the majority of literature being published in mining 
handbooks coming from scandanavia many years ago. These classical theoretical models 
were developed from experiments based on sand box models along with the classical ‘bin’ 
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theory. In order to develop a progressive understanding of SLC mining, Bull & Page, (2000) 
identify the critical aspects of improved SLC model in which efficiencies can be realised.  
Bull & Page, (2000) define the objective of ring blasting in SLC mining as “the loosening of 
ore and compaction of waste, producing good fragmentation in which high productivity is 
reached through mass flow with limited damage to the brow.” Bull & Page, (2000) give 
insightful theoretical concepts on how each controllable variable will affect the efficiency of 
a SLC and how changing any off these variables may lead to significant problems in the 
safety and productivity of the mine. A specific area of the improved model for SLC mining is 
that of an improved level layout. Reasons behind the improvement to the level layout 
highlighted by Bull & Page, (2000) and reiterated by Hustrulid & Kvapil, (2008) are, the 
possibilities for interactive draw strategies along with the potential to control the 
fragmentation of ore and waste within the draw cone of each drawpoint. Below in Table 2, a 
summary of progressive changes of some important SLC design parameters can be seen. 
Table 2.  
Summary of some important design parameters (Hustrulid & Kvapil, 2008). 
Parameter Year 
 1963 1983 2003 
Drift width (m) 5 5 7 
Drift height (m) 3.5 4 5 
Sublevel height (m) 9 12 27 
Sublevel drift spacing (m) 10 11 25 
Blasthole diameter (mm) 45 57-76 115 
Burden (m) 1.6 1.8 3 
Holes/ring 9 9 10 
Tons/ring (t) 660 1080 9300 
Tons/meter of drift (t/m) 400 600 3100 
Bull & Page, (2000) offer improved design alternatives, highlighting the advantages of the 
new models over the classical designs. When considering productivity and efficiency, an area 
of high potential for improvement is that of the ring design and drilling patterns. Bull & Page, 
(2000) outline a classic vs improved drilling layout in Figure 4.  
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Figure 4. SLC drilling layout (Bull & Page, 2000). 
Trout, (2002) outlines how the concepts discussed by Bull & Page, (2000) have been 
implemented into Ridgeway in conjunction with trials to optimise the output. Along with the 
highlighted improvements of drilling layouts in modern times literature by Brunton & 
Chitombo, (2009) identifies different ring designs in order to match specific ore bodies. The 
variation in ring design is also supported by Onederra & Chitombo, (2007) where a variation 
in design based on level layout as well as the most effective energy distribution are discussed 
in order for determining the optimal blast design parameters. Figure 5 below displays three 
ring designs for a SLC production blast with a variation of holes of 7, 8, and 10. Brunton & 
Chitombo, (2009) analyses the possibility for partial detonation and provides evidence that 
the timing and delays play a vital role in partial detonation of specific holes. The evidence 
presented also gives reason to believe the more holes in a pattern the more chance there is for 
partial detonationtion while the fragmentation and recovery can be found to be less with the 7 
hole design. 
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Figure 5. Cross section of 3 ring designs with 7, 8 and 10 holes (Brunton & Chitombo, 2009). 
In developing further efficiency optimisation, Brunton et al, (2010) offers an extensive 
analysis of parameters influencing material recovery in SLC mining through a full-scale 
marker trial. It was found through a sample of three rings that the most influential factors on 
recovery were blasting parameters such as; charge length, powder factor, peak particle 
velocity (PPV) breakage criteria, explosive sleep time, detonation issues and nominal delay 
time.  
When developing a systematic approach to blasting with the objective of optimising design 
Onederra & Chitombo, (2007) provide a proposed methodology which is outlined below in 
Figure 6. The systematic approach provided offers a design guideline in order to develop a 
successful design to increase efficiency and productivity. 
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Figure 6. General approach to blast design (Onederra & Chitombo, 2007). 
According to the available literature, it appears that the exact impact of design parameters on 
fragmentation and material flow is not extensively understood. This is supported by Brunton, 
(2009) who highlights that, at the time of writing, there was minimal literature detailing the 
significance of blast geometry with regards to blasted material fragmentation in underground 
SLC mining. In presenting this finding, Brunton, (2009) provides evidence showing, in the 
majority of literature a general conclusions that drill and blast parameters have a direct 
impact on the material flow of ore and waste. 
2.4 EXPLOSIVE CHARACTERISTICS 
When considering the performance of production blasts in SLC mining it is imperative to 
understand explosive characteristics and how changing the properties can lead to varying 
results regarding productivity and performance.  Through the progression of mining and 
blasting practices, bulk explosives have continued to develop with several different types of 
bulk explosives available for many different geological conditions as well as different desired 
results. 
A presentation given by Fidler, (2009) provides details concerning the types of explosives 
used and what the characteristics of each bulk explosive are. Firstly, the paper describes the 
advantages associated with ammonium nitrate/fuel oil (ANFO) such as; the cost effective of 
ANFO along with being easy to manufacture. It then details the disadvantages as; having a 
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lack of water resistance as well as the fume generation after detonation. Comparatively the 
paper describes the reasons behind a swing to the use of emulsion products. An explanation 
of the water resistance of emulsion explosives is provided also detailing the possibility of 
sleeping the product for a duration of time in wet conditions.  
Upon further research it was a common conclusion in literature provided by several authors 
such as (Dyno Nobel, 2012), (Esen, 2008) and (Wilkinson et al, 2015) that explosive 
properties can be explains can be broken into the physical properties of explosives and the 
detonation properties of explosives which are seen below in Table 3: 
Table 3. 
Physical and Detonation properties of bulk explosives. 
Physical Properties Detonation Properties 
Loaded Density Velocity of Detonation (VOD) 
Chemical Stability Detonation Pressure 
Fume Characteristics Energy/Strength 
Water Resistance Critical Diameter 
Sleep Time Confinement 
In a paper by Josip, Stjepan, & Kovac, (2015) it is described how sleep time can be an 
important factor in the desensitisation of bulk explosives in both wet and dry ground and 
therefore highlights the need to understand the geology of the rock mass being blasted. This 
theoretical concept of bulk explosive being matched with rock mass type is supported and 
analysed further in literature by Wilkinson et al, (2015). Wilkinson et al, (2015) provided an 
in deph analysis of matching rock type with bulk explosive whilst also considering the 
desired fragmentation output.  
Further on bulk explosive selction, understanding the typical properties is detrimental to the 
success of any blasting activity. Emulsion is used in high quantity in underground SLC 
mining as explained by Wilkinson, et al (2015), Table 4 details the typical properties of 
emulsion used for underground blasting.  
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Table 4. 
Typical Emulsion properties. 
Emulsion Properties Ranges 
Bulk Density 1.05-1.25 
VOD (m/s) 6000 
Water Resistance Excellent 
Relative Weight Strength (Effective) 101 
Relative Bulk Strength (Effective) 150 
Sleep Time (months) 2 
Minimum Hole Diameter (mm) 75 
In addition to the emulsion properties the idea of gassing which is the addition of pH 
modifiers and chemicals that react with the oxidising components of the explosive is outlined 
in several pieces of literature including, (Esen, 2004) and (Dyno Nobel, 2012). The gassing 
agents are used for thickening or thinning of emulsion which allows for the bulk explosive to 
resist flowing into cracks or laminations. Further benefits with regards to the gassing of 
emulsion are; the predictability of the loading density, less fume generation and reduction of 
the possibility for blowouts which is supported by (Bergman, Riggle, & Wu, 1973).  
On top of the type of explosive used Bergman, Riggle, & Wu, (1973) provides an analysis of 
the effects of explosive properties on blasting results. The paper describes experiments 
carried out on several rock types to determine the effects of explosive energy, pressure, 
velocity of detonation (VOD) and density. Bergman, Riggle, & Wu, (1973) state that the 
fragmentation was controlled by a combination of all parameters. With regards to the VOD, 
Bergman, Riggle, & Wu, (1973) deliverd evidence to support a hypothesis that fragmentation 
is correlated with VOD but provided no substantial evidence that there was a clear trend at 
the upper end of VOD. 
In more recent times, literature presented by Esen, (2008) and Josip, Stjepan, & Kovac, 
(2015) states that in-hole VOD is the most important property with regards to indicating 
performance of explosive. Importantly, it must be noted that most experimental data put 
forward in the literature is based on quarrying data for explosives as VOD data in large full-
scale SLC mines presents significant challenges. In a PHD thesis conducted by Esen, (2004), 
the challenges of modelling an explosive detonation in non-ideal conditions are confronted 
with the aim of producing a model to determine the detonation state by combining rock type, 
blasthole diameter and type of explosive. In developing a model this PHD thesis appears to 
provide a prediction tool which can be used to determine the VOD experienced in confined 
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non-ideal circumstances. This is relevant in predicting VOD in SLC production blasting due 
to the nature of SLC mining and the confinement of the blasting. 
Above, the literature assessed provided an extensive technical analysis of explosive 
characteristics and how they contribute to varying blast results. However, it was noted that 
there was minimal literature published in which explosive properties are analysed against 
blast performance in underground hard rock mines. (Dyno Nobel, 2012) provided a published 
report on internal experiments. This paper found that there was a decrease in explosive 
properties (in particular VOD) over time providing a limit of 28 days but due to the nature of 
the literature and limited scietific data analysis to support the claims it is not highly regarded. 
2.5 PRE-CHARGING 
A definition by Dunstan & Power, (2011) states that pre-charging in sublevel cave mining is 
a strategy which consists of fully loading and priming production rings in order to increase 
the production capabilities of large-scale operations. Dunstan & Power, (2011) identify the 
operational benefits associated with pre-charging such as; “improved safety around the draw 
point brows, a decoupling of the charging and mucking activities, removal of production 
disruption due to hole blockage and dislocation, the elimination or significant reduction in 
ring redrills, and improved draw control as there is less mucking needed prior to firing the 
ring.” 
When considering influential factors on blast performance literature by; (Brunton, 2009), 
(Brunton et al, 2010), (Dunstan & Power, 2011), (Dyno Nobel, 2012), (Onederra & 
Chitombo, 2007), and (Trout, 2002) all state that the sleep time of a pre-charged ring in 
production blasting in SLC mining contributes to the effectiveness of each blast. In the 
literature listed,  sleep time is analysed at varying depths from clustering sleep time as a 
parameter of influence to determining the advantages associated with pre-charging.  
In literature by Trout, (2002) it was stated how, international benchmarking visits to Kiruna 
(Sweden) and Stobie (Canada) had identified the extensive benefits regarding blasthole 
redrilling and improved operational activities assosiated with pre-charging. It was identified 
by Trout, (2002) that the reduced redrill was asssociated with: 
 Loading of explosive prior to adjacent blasts causing disruption to the boreholes, and 
 Explosive providing resistance to wall collapses within boreholes. 
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Trout, (2002) details a trial implementation of pre-charging at Rigdeway where extensive risk 
assessments and contingency plans were developed to provide safety in the trial stage. 
According to (Trout, 2002), the implementation of pre-charging was constrained by pre-
charging a maximum of 3 rings per drive at any one time. In addition to the benefits 
mentioned by Dunstan & Power, (2011), Trout, (2002) recognised the improvements to 
production flexibility and draw control, the site was  also less reliant on one specific loading 
truck. Along with that, ergonomic positioning when loading holes and an increased 
seperation between the rill when loading produced a further increase in safety. The classical 
charging setup vs the pre-charging setup displays this improvement and can be seen in Figure 
7  below.  
 
Figure 7. Operator charging in classical position (left) and operator charging in pre-charging position (right) at Ridgeway 
(Trout, 2002). 
While both Dunstan & Power, (2011) and Trout, (2002) highlight the operational and safety 
improvements associated with pre-charging, there are several disadvantages as well. Dunstan 
& Power, (2011) identify that drawbacks associated with pre-charging are, the possibility for 
bulk explosive to discharge from the boreholes creating a safety issue, the need to be able to 
predrill a number of holes ahead to allow for charging operations to continue, and misfire 
issues which cause mass disruptions in operations.  
While the benefits associated with pre-charging in SLC are highly encouraging, there is 
minimal experimental information regarding the disadvantages associated with extended pre-
charging time. It is assumed that as time increases with the bulk exlosive, the VOD will 
decrease potentially having a negative impact on blast performance. This assossiation is 
backed in passing by (Brunton et al, (2010) where a conclusion is made as follows “based on 
a sample size of 3 rings that, an increased explosive sleep time corresponded with a decrease 
18 
in explosive performance (in particular VOD) resulting in lower extraction zone recovery.” 
While this trial by Brunton et al, (2010) supports the assumption made, the sample size is 
insignificant along with several other cotrollable variable not being held constant. This leads 
to distortion in the results and therefore conclusion cannot be confidently drawn with regards 
to this correlation. 
2.6 FRAGMENTATION, FLOW AND RECOVERY IN SUB LEVEL CAVE MINING 
Fragmentation and flow of caved material plays a detrimental role in SLC mining when 
considering the profitability of mining operations. In recent years’ fragmentation, modelling 
has progressed significantly from traditional sand modelling into complex situational models 
with a greater understanding of what impacts the material flow continuing to develop. 
Literature by (Brunton, 2009), (Bull & Page, 2000), (DeGagne & McKinnon, 2005), 
(Hustrulid & Kvapil, 2008), (Onederra & Chitombo, 2007), (Onederra, 2005), (Onederra, 
2015) and (Power & Campbell, 2016) provide historical developments of  modelling 
techniques for fragmentation, flow and recovery of caved material in SLC mining.  
Bull & Page, (2000) describe traditional problems regarding the fragmentation and flow of 
SLC mining such as dilution along with a high percentage of lossed ore. This was based off 
old theoretical concepts modeled using uniform material. Bull & Page, (2000) go on to 
pronounce the development of models in which dilution is reduced and recoveries of between 
90% and 100% achieved. Bull & Page, (2000) explain how fragmentation is not uniform 
throughout the cave and therefore cannot be modelled using uniform material. In Figure 8 
below, a fragmentation profile for a SLC mine can be seen with varying degrees of 
fragmentation.  
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Figure 8. Blast fragmentation model (Bull & Page, 2000). 
This concept is supported in literature by DeGagne & McKinnon, (2005) where a numerical 
modelling approach was adopted to display the flow of fragmented material. The model 
created by DeGagne & McKinnon, (2005) can be seen below in Figure 9. 
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Figure 9. Typical model of the fragmentation of a SLC ring before draw (DeGagne & McKinnon, 2005). 
DeGagne & McKinnon, (2005) provides evidence based on three-dimensional modeling of 
particle flow that, clasical Kvapil curves still have relevance when anlysing the flow of 
material in SLC mining. DeGagne & McKinnon, (2005) state that, “while modern ideas 
based on marker trials move away from the classical understanding of material flow, when 
modelled using numerical modelling techniques in large SLC mines, material flow is an 
extension of Kvapil’s theory of ellipsoids with early dilution from behind rings.” The 
modelling techniques provided in this paper are based off several assumpitions on uniformity 
of fragmentation size initally which are significant assumptions when considering 
fragmentation  and particle size distribution curves analysed be Onederra, (2005). 
In a PHD thesis conducted by Onederra, (2005) the framework for a fragmentation model 
specifically for SLC is presented based on a “single ring” model. In presenting this model 
significant assumptions based on the geometery of ring design along with limitations 
assosiated with the empirical nature of the models are listed. Onederra, (2005) provided a 
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method for developing a fragmentation model based of the near field (crushed) zone of the 
borehole along with the far field (fracturing) zone and the relationship between the fines 
generated through blasting practices and the crushed zone. While Onederra, (2005) provides 
an extensive framework for the development of the fragmentation model, the involvement of 
blasting parameters on the fragmentation and flow are not exclusively discussed in turn 
providing a more theoretical concept for initial flow modelling purposes. Further literature by 
Onederra, (2015) supports the model developed in his initial PHD thesis while concluding 
that application of the fragmentation model in an operational stage of a SLC mine could offer 
significant benefits to the performance modelling and downstream modelling. This 
conclusion provides evidence that there is minimal literature to back the development of 
models based on large-scale operational data.  
Brunton, (2009) provides the most indepth look at the relationship between blasting 
parameters and fragmentation giving conlcusions with regards to the influence on ore 
recovery and how this is correlated with blasting parameters. While Brunton, (2009) analyses 
the relationship between the fragmentation and recovery zones relative to changing blast 
parameters, a marker trial of only 3 rings is quite insignificant when considering the 
fragmetnation and flow of a large scale SLC mine. This limitation is recognised by Brunton, 
(2009) with further recommendations for large scale specific blast parameter analysis being 
made to aid the development of increased accuracy when predicting fragmentation and 
recovery of ore in SLC mines. 
Furthermore Power & Campbell, (2016) provide literature on current trials being conducted 
in SLC mines where real time data from marker trials can be interpreted to maximise the 
recovery through draw control and operational improvements. The paper combines marker 
trials conducted at several SLC mines around the world looking at implementing a live 
tracking model at EHM but describes limitations of itergrating the marker trial information 
with simulation models on flow and recovery. Power & Campbell, (2016) provide 
conclusions on how modelling flow and recovery can be modelled in an improved fashion by 
the use of calibrating marker trial results with simulations. 
Another piece of literature by Campbell & Power, (2016) provides an economical viewpoint 
of how controlling draw strategy to increase recovery as well as maintaining an ore blancket 
above primary ore can significantly improve the net present value of an operation. It was 
found that over a three year period, through the reduction of waste dilution from the 
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development of a draw strategy model realised an increased mine value of 32%. This value 
was found through the continuous simulation of cave flow by conducting an economic 
assessment on varying draw strategy scenarios and determining which produced the highest 
average grade at the earliest possible time. 
The paper bases the findings on marker trials conducted at EHM while incorperating 
production information regarding grade of ore at different stages of draw. A model was 
simulated on the EHM ore body showing the ore blanket above the active production levels. 
A visualisation of the model showing the flow of ore can be seen in Figure 10. 
 
Figure 10. Power Geotechnical Cellular Automate (PGCA) simulation of EHM draw strategy. (A) Cross-section facing west 
and (B) north (Campbell & Power, 2016). 
It literature by (Brunton, 2009), (Bull & Page, 2000), (DeGagne & McKinnon, 2005), 
(Hustrulid & Kvapil, 2008), (Onederra, 2005), (Onederra, 2015), and (Onederra & Chitombo, 
2007) as well as the recent publications by (Campbell & Power, 2016) and (Power & 
Campbell, 2016) show that minimal full-scale experimental programs have been undertaken 
to provide accurate modelling for fragmentation in SLC mining. Along with this conclusion it 
is also apparent that the literature listed provides evidence that fragmentation has a direct 
relationship with drill and blast parameters but at what level it is not clear. 
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2.7 PERFORMANCE DIAGNOSTICS 
It is common practice in underground mining to conduct blast monitoring in order to examine 
different levels of vibrations and assess results of blasts using vibrations recordings. In a 
PHD thesis conducted by Andrieux, (1996), extensive information on methods and 
techniques in which blast monitoring can be conducted are outlined. Andrieux, (1996) details 
how blast induced vibrations can be manipulated to interpret the effectiveness of detonations 
for both open cut and underground mining methods. The methods of blast monitoring by use 
of geophones presented by Andrieux, (1996) are supported in literature by several authors 
such as Fleetwood et al,  (2010), Onederra & Esen, (2004), Singh & Narendrula, (2004), 
Spathis, (2001). 
In the PHD, limitations of blast monitoring are highlighted. These limitations include the 
misinterpretations between near and far field vibrations along with the possibility for 
interference and noise assosiated with other means of vibration outside the blast of interest. 
Spathis, (2001) also highlights common fallacies made when conducting blast monitoring. 
Spathis, (2001) specifies the technical aspects of interpretting the blast monitoring data such 
as the particle velocity recordings and how the peak particle velocity is often misinterpreted.  
A common technical aspect of blast monitoring identified in the listed literature and initially 
defined by Holmberg-Persson is that of the scaled distance law which is used to interpret 
blast vibrations using the same scale. This is due to the varying distance of monitoring 
stations and the positioning of different blasts. The scaled distance law is outlined in the 
equation 1 below: 
𝑃𝑃𝑉 = 𝐾(
𝑑
√𝑊
2 )
−𝛽     (1) 
With: PPV, the peak particle velocity at point of interest (mm/s); 
 d, the distance between the point of interest and the blast (m); 
 W, the maximum charge weight fired instantaneously (kg); 
 K and β, site specific constants. (Andrieux, 1996) 
This coincides with how literature defines the PPV of a blast vibration. According to Spathis, 
(2001) the most common mistake with regards to blast vibration analysis is that there is only 
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one PPV. Spathis, (2001) outlines how each commponent of the particle vibration is 
associated with point in time and therefore the vector aplitude for the PPV must be calculated 
as a function of time using equation 2: 
𝑉𝑃𝑃𝑉 = √𝑋2(𝑡) + 𝑌2(𝑡) + 𝑍2(𝑡)    (2) 
With: VPPV, the vector peak particle velocity at point of interest (mm/s): 
 X, the velocity recorded in the x direction (mm/s); 
 Y, the velocity recorded in the y direction (mm/s); 
Z, the velocity recorded in the z direction (mm/s); 
t, the time at which the vibration was recorded. 
Andrieux, (1996), supports this concept along with literature by Singh & Narendrula, (2004) 
which details the use of this concept in a case study.  
In literature by Onederra & Esen, (2004) the site constants are discussed in depth giving a 
greater definition to what each constant represents. Based off this literature, the classical 
method of calculating the site constants is given by use of a logarithmic relationship between 
PPV and α where 2α is shown to be β using the Holmberg and Persson approach. Onederra & 
Esen, (2004) provide a detailed analysis of the limitations with regards to the simplification 
of this model and the importance of using the VOD. While this is a valid conclusion it is 
important to understand the difficulty of measuring VOD in a full scale underground SLC 
environment.  
Andrieux, (1996) provides further literature on how blast monitoring vibration recordings can 
be used to analyse the success of blast timing through examination of the blast vibration 
signature. This theory is used in practice in the PHD by Brunton, (2009). The PHD conducted 
by Brunton, (2009) outlines how uniaxial geophones were grouted into boreholes in the backs 
of several ore drives which corresponded to the blasts of interest. The geophones were 
shunted in order to obtain the correct frequency of the blast vibrations which is highlighted 
by Andrieux, (1996) as a limitation when considering the interpretation of blast vibrations 
from geophones. An example of how Brunton, (2009) interprests a blast vibration recording 
monitored using geophones can be seen in Figure 11. 
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Figure 11. Typical vibration record and interpretation for a seven-hole blast design at ridgeway (Brunton, 2009). 
Understanding a typical blast recording is outlined by Brunton, (2009) and as seen above all 
areas of the vibration wave are analysed to determine the effectiveness of each individual 
hole in the production blast. While using this method to analyse a blasts effectiveness is 
satisfactory to understand individual ring blasts, it is not possible to compare with other blasts 
due to the different distance between blast centre points and geophones. This issue is 
addressed by Andrieux, (1996) where he displays a method which uses the scaled distance 
law in conjunction with VPPV to determine a blast signature in which any specifically timed 
blast should behave. Limitations which need to be identified with regards to this method of 
prediction is that of superpositioning and vibrations being classified as near field vibrations 
when they should be classified as far field vibrations. Futhermore, the noise involved in the 
blast recordings are often cause for distortion when interpreting a blast recording. 
While literature is abundant with regards to open pit and quarry blast monitoring programs 
along with the importance for correct calculation of site specific constants, there is a 
noticable shortage of information regarding velocity interpretation and comparrison in 
underground environments. As mentioned above, trials have been conducted with regards to 
understanding blast effectiveness in small scale projects but there is limited information 
detailing full scale experiments in underground hard rock mines.  
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2.8 CONCLUSION 
In conclusion, it is a common finding throughout several areas of SLC literature that there is 
correlation between productivity through fragmentation and recovery and, drill and blast 
design variables. In literature analysed regarding influential blast parameters when 
considering the fragmentation as a measure of a successful blast, there was an agreement 
throughout that there was a relationship, but at what level was unknown. This was found to 
be due to the difficulty in assessing design parameters individually. Furthermore, when 
explosive characteristics were analysed it was found that sleep time played a role in the 
decrease of VOD over time, especially in areas where water was present.  
When considering pre-charging practices, there was clear advantages associated with pre-
charging highlighted by literature but this was not the case for the identification of the 
limitations. Through association of the explosive characteristics literature and the literature 
highlighting the influential blast parameters in SLC production blasting, it is possible to make 
associations with a decrease in effectiveness of blasts as pre-charging time increases. This 
can also be seen when relating the information published on fragmentation, flow and 
recovery with influential blast parameters. Through analysing diagnostic and performance 
monitoring it can be concluded that the techniques presented in the literature would provide a 
suitable method to gather information on a large number of production blasts. This data, in 
conjunction with an understanding of the literature presented would provide a method for 
analysis in which information can be accumulated and interpreted on the effects of sleep time 
on production rings in SLC mines. In conjunction with the data that is available from EHM, 
there is an opportunity to conduct a comprehensive quantitative study on the effects of sleep 
time on the performance of production rings in SLC mines. 
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3. DATA COLLECTED AT ERNEST HENRY MINE 
3.1 INTRODUCTION 
The following section outlines the data collection process that was conducted at EHM along 
with details of what data was recorded. Furthermore, the section outlines how each piece of 
data would be manipulated in conjunction with theoretical concepts outlined in the literature 
review to allow for further analysis and interpretation.   
3.2 DATA COLLECTION 
Particle vibration data was collected for 67 production rings located between OD05 and 
OD15 on level 1550 of EHM underground SLC. The reason behind the selection was due to 
the location of 4 pre-installed geophones which can be seen in Figure 12 below.  
 
Figure 12. Geophone locations and recorded rings. 
In the figure the four crosses located on the top half represent the geophones installed in the 
backs of the oredrives. The blue shape overlaying the figure highlights the area from which 
recordings were taken. As this figure is to scale it was possible to calculate the distance of 
each rings centre point to the geophone locations. 
10m 
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Geophone 903, located in oredrive 11 proved to have significant problems after the initial 
installation and due to this it was not possible to accurately record the blast vibrations. 
Furthermore, only single blasts for each ring were recorded with the closest working 
geophone used for each ring. Using this method, it was possible to accurately obtain 67 blast 
vibration recordings over a 4-month period from the end of June through to October. 
It was noted at a later date that there was the possibility to double and possibly triple the data 
set as all three working geophones provide blast recordings for the 67 blasts. Each blast 
recorded on a different geophone provides a unique piece of data opening the opportunity to 
increase the amount of data obtained. This potential opportunity to increase the data size 
however was not possible due to the inaccessibility of the site computers where data was 
recorded. 
The blast data came in the form of a particle velocity in the x, y and z directions over a time 
frame of a blasting event. Using the vector sum formula highlighted by Spathis, (2001) the x, 
y and z data recordings were combined to form a vector sum. An example of a blast recording 
with the vector sum can be seen in Appendix B. The particle velocities over the blast event 
were combined to form an individual blast particle vibration signature. Additionally, the peak 
particle velocity for each blast was identified by analysing each recordings vector sum for the 
maximum value. Along with the vibration data obtained, charge plans were obtained in order 
to determine the maximum instantaneous charge weight as well as the designed timing of 
each blast, an example of a charge plan acquired is located in Figure 27 in Appendix E. The 
data obtained was for production blasts which ranged between rings 33 to rings 49 over the 6 
ore drives identified above. 
Furthermore, it was possible to determine the sleep time for each ring with a recorded blast 
through accessing data from site which had the recorded charge and fire dates of each ring on 
site over the life of the underground mine. Using this data, sleep time was calculated by 
subtracting the charge date from the fire date. The data used to calculate the sleep time was 
updated daily using automatic software known as PITRAM which was used to monitor the 
progression of production in the SLC. This provided a reliable and accurate data source for 
data manipulation. An example of data output from PITRAM can be seen in Appendix C. It 
was also possible to calculate the sleep time for each production ring blasted in the life of the 
underground mine to support the significance of the data set recorded. A histogram of the 
sleep time for all previously blasted production rings is provided in Figure 13. 
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Figure 13. Distribution of sleep time all previous production rings. 
Along with this recorded data, oversize rocks were recorded for each production ring. The 
way in which the data was recorded for oversize rock presented issues with reliability and 
accuracy as the process was not automated and allowed for operational errors and miss-
recordings. The rock that had to be transported to underground stockpiles was classified as 
oversize as it couldn’t be passed through the grizzlies and into the orepasses. Moreover, a 
limitation in the data recording process was identified where often oversize rock blocked the 
drawpoints and needed to be blasted in small firings. This oversize rock was not recorded. An 
example of the data output for oversize rock recordings can be seen in Appendix D. 
All data was collated into Table 5 which represents the blasts with geophone recordings along 
with all the input data for analysis such as the sleep time of each ring, oversize recorded for 
each ring, which geophone sensor was used and the date which it was fired. 
Table 5. 
Blast Data Overview 
Level Drive Ring Date Fired 
Sleep 
Time 
Sensor 
Distance 
From Sensor 
Oversize 
1550 OREDRV05 35 5/09/2015 1 904 59 0 
1550 OREDRV05 36 12/09/2015 8 904 57 0 
1550 OREDRV05 39 22/09/2015 9 904 52.5 8.8 
1550 OREDRV05 40 24/09/2015 9 904 51 66.7 
1550 OREDRV05 45 11/10/2015 10 904 45.25 67.2 
1550 OREDRV05 46 12/10/2015 10 904 45 42.1 
1550 OREDRV05 47 15/10/2015 6 904 44 0 
1550 OREDRV05 48 16/10/2015 7 904 43.5 0 
1550 OREDRV07 38 29/06/2015 17 904 44.5 23 
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1550 OREDRV07 39 10/07/2015 22 904 42 413.9 
1550 OREDRV07 40 27/07/2015 28 901 20 83.7 
1550 OREDRV07 41 12/08/2015 39 904 38.5 193.3 
1550 OREDRV07 42 18/08/2015 24 904 31.5 176 
1550 OREDRV07 43 29/08/2015 29 904 35 254.1 
1550 OREDRV07 44 7/09/2015 20 904 33.5 68.6 
1550 OREDRV07 45 17/09/2015 25 904 32.25 237.3 
1550 OREDRV07 46 26/09/2015 19 904 31 240 
1550 OREDRV07 48 18/10/2015 22 904 29.25 371 
1550 OREDRV07 49 25/10/2015 21 904 28.5 302 
1550 OREDRV09 37 7/07/2015 23 904 32.25 59.7 
1550 OREDRV09 38 18/07/2015 11 904 34.75 40 
1550 OREDRV09 39 4/08/2015 28 904 33 52.9 
1550 OREDRV09 40 10/08/2015 31 904 30.5 21.2 
1550 OREDRV09 41 19/08/2015 32 904 28 84 
1550 OREDRV09 42 23/08/2015 13 904 26 0 
1550 OREDRV09 43 1/09/2015 14 904 24 18.6 
1550 OREDRV09 45 23/09/2015 23 904 19.75 76.3 
1550 OREDRV09 47 9/10/2015 16 902 10.5 349 
1550 OREDRV09 48 16/10/2015 21 904 15 105 
1550 OREDRV09 49 20/10/2015 12 904 14.25 0 
1550 OREDRV11 36 24/06/2015 12 902 43.5 0 
1550 OREDRV11 37 8/07/2015 21 904 31.25 104.8 
1550 OREDRV11 38 19/07/2015 25 904 34.5 40 
1550 OREDRV11 39 30/07/2015 25 904 31 108.6 
1550 OREDRV11 40 7/08/2015 31 904 28.5 165.2 
1550 OREDRV11 41 25/08/2015 39 904 26 269.4 
1550 OREDRV11 42 29/08/2015 22 904 23.5 85 
1550 OREDRV11 43 2/09/2015 15 904 21 0 
1550 OREDRV11 44 16/09/2015 18 904 18.5 110 
1550 OREDRV11 45 19/09/2015 18 904 15.5 162.5 
1550 OREDRV11 46 26/09/2015 11 904 13 241 
1550 OREDRV11 48 22/10/2015 26 904 8 34 
1550 OREDRV13 34 25/06/2015 5 904 46 0 
1550 OREDRV13 35 30/06/2015 9 904 43.5 165 
1550 OREDRV13 36 4/07/2015 9 904 41.25 207.4 
1550 OREDRV13 37 10/07/2015 10 904 39 151 
1550 OREDRV13 38 17/07/2015 17 904 39 12 
1550 OREDRV13 39 24/07/2015 18 904 34.25 210.5 
1550 OREDRV13 40 6/08/2015 28 904 32 70.2 
1550 OREDRV13 42 28/08/2015 22 904 27.5 130 
1550 OREDRV13 43 3/09/2015 18 904 25.75 139.2 
1550 OREDRV13 44 10/09/2015 16 904 23.75 326.3 
1550 OREDRV13 45 25/09/2015 23 904 22 234.8 
1550 OREDRV13 47 15/10/2015 21 904 19 122.6 
1550 OREDRV15 33 24/06/2015 8 902 67 0 
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1550 OREDRV15 34 27/06/2015 8 904 54.5 114 
1550 OREDRV15 35 2/07/2015 9 904 52.5 81 
1550 OREDRV15 36 7/07/2015 10 904 50.25 160 
1550 OREDRV15 37 11/07/2015 10 904 48.5 38 
1550 OREDRV15 38 19/07/2015 16 904 46.5 100 
1550 OREDRV15 39 25/07/2015 17 904 45 264.9 
1550 OREDRV15 40 18/08/2015 36 904 43 163 
1550 OREDRV15 41 28/08/2015 42 904 41 200.9 
1550 OREDRV15 42 7/09/2015 20 904 39.5 140.3 
1550 OREDRV15 43 13/09/2015 20 904 38 81 
1550 OREDRV15 45 10/10/2015 27 904 35.5 101.9 
1550 OREDRV15 46 30/10/2015 28 904 34.5 226.8 
3.3 CONCLUSION 
The data collection process along with the framing of the data provided an understanding of 
what data was available for analysis. This aided in further developing the investigation 
process. As it was possible to access 67 production blasts with a variety of sleep times 
representative of the underground mine the data provided potential. Utilising this data 
became the focus of the investigation with the aim of providing an analysis and interpretation 
with regards to the blast performance through the performance indicators against changing 
sleep time. 
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4. DATA ANALYSIS OF PARTICLE VIBRATIONS 
AND ITS RELATIONSHIP WITH SLEEP TIME 
4.1 INTRODUCTION 
In order to develop a greater understanding of the relationship between sleep time and 
particle vibration data recordings from EHM SLC were processed for further analysis. The 
data was acquired in x, y, z form with a time in which each individual vibration was recorded, 
an example of this is shown in Table 10 located in Appendix B. Utilising the vector sum 
formula, a vector sum for each particle vibration recording was determined. From this 
particle velocity recording the vector peak particle velocity (VPPV) for each blast was 
determined to allow for the site constants to be calculated. As the site constants k and alpha 
represent intensity of the particle vibrations and attenuation of particle vibrations 
respectively, it was hypothesised that studying the change in site constants could be 
interpreted to explain changes in input variables such as sleep time. 
Furthermore, outlined in section 4.3 below is an analysis of the blast signatures of a sample 
data set representative of the overall data set. Analysing the blast signatures of each blast 
against a predicted blast signature allows for an interpretation of blast performance. The 
predicted blast signature is based on the timing of each blasthole detonation and provides a 
base for a blasthole timing analysis. A high correlation between predicted blast signature and 
recorded blast signature highlights a successfully executed blast while a low correlation 
shows inaccuracies in the design process and input variables. 
4.2 SITE CONSTANT CALCULATIONS AND THEIR RELATIONSHIP WITH SLEEP 
TIME 
From the charge plans it was possible to interpret the maximum instantaneous charge (MIC) 
for Hole D which was the first hole initiated in the blast. Table 6 below shows the details 
recorded on the charge plans with the MIC highlighted for Hole D. 
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Table 6.  
Charge plan details from OD05 ring 48 
Hole ID Delay Hole 
Length 
Charge Explosive 
Type From To Length MIC 
A 8 11.5 1.5 11.5 10 89.8 emulsion1.1 
B 6 20 7.5 20 12.5 112.3 emulsion1.1 
C 4 19.4 3 19.4 16.4 147.4 emulsion1.1 
D 1 29.2 1.5 29.2 27.7 248.8 emulsion1.1 
E 2 28.2 1.5 28.2 26.7 240 emulsion1.1 
F 4 19.8 4.1 19.8 15.7 140.6 emulsion1.1 
G 6 20.4 7.9 20.4 12.5 112.3 emulsion1.1 
H 8 12.1 1.5 12.1 10.6 95.4 emulsion1.1 
 
Along with the MIC of each production blast, the vector peak particle vibration (VPPV) and 
the distance from the centre of the blasted ring to the geophone was also recorded based on 
the scaled layout of level 1550 shown in Figure 12 on page 27. The data was compiled into a 
results spreadsheet with the corresponding sleep time of each ring which can be found in 
Table 9 shown in Appendix A.  
Using this data, along with an understanding of the concepts outlined by Andrieux, (1996) the 
scaled distance was calculated for each ring. From calculating the scaled distance, the data 
was graphed to determine the site constants through analysing the relationship between the 
VPPV and the Scaled Distance. Figure 14 below displays the exponential relationship 
between all recorded blasts VPPV and SD. The graph provides a relationship as outlined in 
the following formula: 
𝑉𝑃𝑃𝑉 = 70.878(
𝑑
√𝑀𝐼𝐶
2 )
−1.464    (3) 
Where: k = 70.878 
  β = 1.464 
  α = 0.732 
The values given above were found with an R2 value of 0.5842. 
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Figure 14. Relationship between the VPPV and the Scaled distance of 67 blast recordings 
To represent the data in a linear relationship the data was plotted on a Log Log graph which 
can be seen in Figure 15. In the Log Log graph, it can be seen that the relationship represents 
the mean of the data. Furthermore, sleep time of each blast has been highlighted with 
different colour data points for both Figure 14 and Figure 15. From this colour representation 
clustering’s of sleep time ranges can be faintly distinguished.  
 
Figure 15. Log Log Relationship between VPPV and the Scaled Distance of 67 production blasts 
The data was broken into separate ranges of sleep time to determine the significance of sleep 
time on the site constants mainly the R2 value and the K value as these to variables represent 
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the accuracy of the model and the intensity of the particle vibrations respectively. The 2 
ranges used for the analysis were 0-21 days of sleep time and greater than 21 days. The 
reason behind splitting the data at 21 days was based on allowing three weeks for production 
engineers to manage sublevel cave broken ore stocks available for bogging while maintaining 
a representative data sample for both ranges. Three weeks allowed for production engineers 
was determined through site production quantities as well as safety systems implemented by 
the site management team.  Figure 16 to Figure 19 outline the relationship between VPPV 
and SD of the 2 ranges as well as highlighting the different change in the site constants. 
 
Figure 16. Relationship between the VPPV and the Scaled distance of blast recordings with Sleep time less than 22 days 
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Figure 17. Log Log Relationship between VPPV and the Scaled Distance of blast recordings with Sleep time less than 22 
days 
 
Figure 18. Relationship between the VPPV and the Scaled distance of blast recordings with Sleep time more than 22 days 
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Figure 19. Log Log Relationship between VPPV and the Scaled Distance of blast recordings with Sleep time more than 22 
days 
A summary of the site constant changes over the three representations of the data can be seen 
Table 7 below. 
Table 7. 
Site Constants for varying ranges of sleep time 
 k α R2 
All data 70.878 0.732 0.5842 
0-21 Days 93.152 0.844 0.6622 
22+ Days 45.787 0.521 0.4875 
As alpha represents the attenuation of the particle vibrations within the surrounding rock 
media, this is not representative of the overall blast performance. K however, represents the 
intensity of the blast vibrations with an increase of k representing an increase in intensity. It 
can be seen from Table 7 that an increase in sleep time from 0-21 days to 22+ days k dropped 
by greater than half. Along with the large drop in k, the R2 value dropped by 0.18 
representing a loss in reliability of the model. This suggests that as sleep time increases the 
vibrations become less predictable while also producing a reduction in intensity.  
An investigation on determining how the k value would be effected by fixing alpha to 0.732 
for both sleep time ranges was assessed. In creating this analysis of the data inaccuracies with 
the model were found due to the way in which the data is related to the scaled distance 
equation. 
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4.3 BLAST SIGNATURE ANALYSIS AGAINST SLEEP TIME 
Based on what Andrieux (1996) discussed, a vector sum for each blast signature was 
calculated to give the vector particle vibration signature. Figure 20 shows an example of a 
blast vibration signature in the x direction and Figure 21 displays the same blast signature in 
the form of a vector sum of all 3 directional vibrations. 
 
Figure 20. Blast particle vibration signature in the x direction for Ore Drive 09 Ring 38 
 
Figure 21. Vector particle vibration signature for Ore Drive 09 Ring 38 
Once each peak is identified the performance of each blast can be assessed by correlating the 
peaks in the blast signature to the corresponding hole and its detonator within the blast. 
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In order to assess the blast performance of the data a sample set was determined to represent 
the overall data set and SLC. In order to determine a data set, several criteria were used to 
narrow the down blast recordings: 
 Located between 30m and 45m away from the Geophone used to record particle 
vibrations, 
 Must be from between oredrive07 to oredrive13, 
 Offer a representative range of sleep times. 
Using this criteria, 10 blast recordings were found for a sample analysis of the blast signature. 
An outline of the sample data set is located in Table 8 below. 
Table 8. 
Sample data set for blast signature analysis 
Level Drive Ring Date Fired Distance 
From Sensor 
MIC Hole 
D (kg) 
Sleep 
Time 
VPPV Hole 
D (mm/s) 
1550 OREDRV13 34 25/06/2015 46 267.4 5 18.7 
1550 OREDRV13 35 30/06/2015 43.5 267 9 13 
1550 OREDRV09 38 18/07/2015 34.75 256.4 11 15 
1550 OREDRV11 36 24/06/2015 43.5 273.5 12 12.2 
1550 OREDRV07 38 29/06/2015 44.5 272.8 17 19.3 
1550 OREDRV11 37 8/07/2015 31.25 267.8 21 34.6 
1550 OREDRV09 37 7/07/2015 32.25 261.6 23 15.8 
1550 OREDRV07 42 18/08/2015 31.5 268.4 24 31.8 
1550 OREDRV13 40 6/08/2015 32 265.4 28 17.5 
1550 OREDRV09 40 10/08/2015 30.5 262.7 31 29.3 
To conduct the blast signature analysis an excel spreadsheet model was created to show the 
blast signature recorded against the predicted vibration level along with the timing of blast 
vibrations. To provide a predicted vibration level the charge weight and distance from the 
blast to geophone were used to calculate the peak particle velocity. This was found using the 
scaled distance law outlined by Andrieux, (1996) using the site constants k and alpha 
calculated above for the overall data set. Figure 31 through to Figure 40 located in Appendix 
F show the particle vibration recordings for all 10 blasts of the sample data set. 
From analysing the data for variance away from the predicted detonation level of each delay 
in each hole it was possible to analyse the performance of the blast for individual holes. This 
was all conducted with cross checking the delay times of each blast referencing each charge 
return for the confirmation. Figure 22 illustrates the variance from the predicted level of peak 
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particle velocity to the recorded level of peak particle velocity for each of the 5 detonation 
delays of the 10 blasts.   
 
Figure 22. Individual detonation performance for the sample data set. 
Detonation delay 8 records the highest intensity for 7 of the 10 blasts suggesting that the level 
of confinement for the shoulder holes is much greater than the other 6 holes. It was confirmed 
that this was not sympathetic detonation as the timing outlay of the blast signature for all 10 
blasts was within an error band of plus or minus 8ms. Also seen in Figure 22 is the greater 
level of variation in the particle velocity variance level as sleep time increases. This finding 
supports the findings from the site constant observation of a decrease in reliability and 
predictability with increasing sleep time. 
When assessing individual blasts within this data sample, oredrive13 ring 34 appears to have 
the most accurate and reliable blast with all detonators performing at just over 5mm/s less 
than the predicted peak velocity. This provides evidence to say that the shortest sleep time of 
5 days is ideal for blasting performance. Oredrive13 ring 35 and oredrive09 ring 38 both 
appear to have relatively small variance across all delays comparatively to the other recorded 
blasts which also follows this trend of lower sleep times performing more reliably and 
accurately. The variance across a blast becomes comparatively larger with the longer sleep 
times with the graph appearing more erratic and less predictable. This suggests that with an 
increasing sleep time, the performance of each individual delayed detonator in a production 
ring becomes less optimal and more unpredictable providing difficulty with regards to 
optimisation. 
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4.4 CONCLUSION 
In analysing the particle velocity data against sleep time two sleep time ranges, 0-21 days and 
22 days and more were determined through site production evaluation and site safety 
compliance. Based off these two sleep time ranges, the site specific constants for both were 
assessed to understand the relationship of sleep time with k which represents the intensity of 
particle vibrations due to blasting practices. From the investigation there was a decrease in 
the k value by more than half with an increasing sleep time which suggests that as the sleep 
time increased there was a reduction in the blasting intensity. Along with this finding, the R2 
value dropped by approximately 0.18 which advocates a decrease in the reliability of the 
model and the accuracy of predicting blast intensity with    a sleep time of greater than 21 
days. 
Moreover, exploration of the blast signatures along with the creation of a model to estimate a 
predicted blast velocity for each delay provided evidence of the performance of each 
individual hole detonation within a sample data set. Interpretations with regards to the 
difference of the recorded blast velocity to the predicted level of particle velocity supported 
the findings made in the site constant analysis It was found that the best performing blast was 
that with the shortest sleep time with the blasts progressively becoming less predictable with 
greater sleep times. It was concluded that the increasing sleep time of production rings within 
this sample produced less efficient blasts with large variances between delays in the same 
production blast. 
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5. BLAST PERFORMANCE ANALYSIS THROUGH 
OVERSIZE DATA AGAINST SLEEP TIME 
5.1 INTRODUCTION 
Oversize rock in a drawpoint has a large effect on the speed of production often causing 
major delays because of oredrive inaccessibility and in mitigating this issue research must be 
conducted to determine the cause. In examine the cause, Oversize data was obtained from 
EHM for analysis through acquiring information regarding how many buckets were taken 
from a drawpoint to a stockpile. The reason behind this assumption is because the only reason 
behind why ore at EHM was taken to stockpile rather than passed through the orepass system 
was because the rock was too large to pass through the grizzlies and therefore classified as 
oversize. 
Oversize data was obtained for the 67 blasts in which particle vibration recordings were taken 
to ensure consistency in data analysis. As the information regarding the sleep time and 
particle vibration was also available a study into the relationship between these variables was 
constructed. Oversize is often seen as a measure of blasting performance due to the effects 
oversize has on production efficiency. Owing to this interpretation, an analysis on 
relationship between sleep time and oversize provides an informative and quantitative view 
of the blasting performance as a whole and provides evidence to either support or reject the 
common conception that oversize is caused by overslept rings.  
5.2 OVERSIZE DATA ANALYSIS  
In understanding the relationship between oversize and sleep time firstly the data was shown 
as a distribution across different oversize range bins. A histogram of the oversize data for the 
67 blasts is displayed below in Figure 23.  
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Figure 23. Distribution of oversize for the 67 production blasts with particle vibration recordings 
Each production ring in the SLC is designed with different total tonnages to follow the shape 
of the orebody. The rings in the middle of the orebody are designed with 4000+ tonnes while 
the rings on the edge of the orebody have much lower design tonnages around 2000 tonnes. 
This variance in design tonnes means that analysing raw oversize data is not as reliable as 
calculating the proportion of oversize tonnes to total design tonnes. Below in Figure 24 a 
distribution is shown of this percentage to allow for this design factor. 
 
Figure 24. Distribution of percentage of oversize to total design tonnes for the 67 production blasts with particle vibration 
recordings 
It can be seen from the difference in the distributions of both histograms above that the 
design tonnes affect the interpretation of how many production rings have an issue with 
excessive oversize. When the design tonnes are accounted for the amount of rings within the 
highest bin range reduces by 4 with the second bin range increasing by 4. This suggests that 
the problem is overstated when looking at oversize without incorporating design tonnes. 
Furthermore, a distribution of the sleep time for each recorded blast is also illustrated below 
in Figure 25 to outline how sleep time compares with the oversize percentage distribution. 
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Figure 25. Distribution of sleep time for the 67 production blasts with particle vibration recordings 
The sleep time distribution is quite different to the oversize distribution suggesting that the 
two variables are not highly correlated but this is only an initial interpretation as this does not 
relate individual rings sleep times with the corresponding oversize recording. 
In order to understand if there is a direct relationship between the two variables it is important 
to provide a representation of both variables where it is possible to assess the data on a ring to 
ring basis. To provide this a visual representation of the data three heat maps were 
constructed for oversize, percentage of oversize and sleep time. The three illustrations are 
shown below in Figure 26, Figure 27 and Figure 28  respectively. 
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Figure 26. Heat map of the oversize rock tonnages for each recorded ring on level 1550 
 
Figure 27. Heat map of the percentage of oversize to total production tonnes for recorded rings on level 1550 
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Figure 28. Heat map of sleep time of recorded rings on level 1550 
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Firstly, as discussed above, analysing the oversize without incorporating the design tonnes is 
not an accurate interpretation of the information. Due to this, it is more important to 
understand the distribution of the oversize as a percentage of total design tonnes. From 
assessing the heat map distribution in Figure 27 there seems to be a small clustering of higher 
percentages in the rings to right of the image as well as a possible clustering in the central 
low region of the map. It can be seen that oredrive05, which is the cave edge does not appear 
to have any excessive oversize which may have been expected due to interactions with 
different geological conditions as well as being located in an area with much less secondary 
draw. 
When interpreting the sleep time heat map shown in Figure 28, the high sleep times appear in 
the central region of the map although there is a indistinctive change across the entirety of the 
map. It can be noted that in oredrive13 and oredrive15 the first 4 rings and 5 rings 
respectively are 10 days or below. This suggests that there was possibly something driving 
the prioritisation of these oredrives ten the sleep time dramatically increases in oredrive15. It 
is hard to interpret what was driving this which leaves an unknown in the data.  
When comparing the percentage of oversize heat map to the sleep time heat map the trends 
noted above do not appear to be related. This is a visual observation which holds less merit 
than a statistical correlation between the two variables.  
Following on from the visual investigation it was necessary to conduct a more statically 
quantitative analysis. The reason behind the statistical analysis was to determine the 
significance of the correlation between percentage of oversize tonnage and sleep time. 
Pearson’s Product Moment Correlation was used to determine if there was a linear relation 
present while Spearman's Rank-Order Correlation was used to determine if there was any 
association between inputs. For both statistical tests a value of +1 represents a perfect 
correlation, 0 represents no correlation and -1 represents a perfect negative correlation.  
The Null hypothesis for both tests was stated that there is no correlation between sleep time 
and oversize percentage with an alpha of 0.05 representing a confidence of 95%. 
Pearson’s Product Moment Correlation test produced a coefficient of 0.305 with a p-value of 
0.012 while Spearman’s Rank-Order Correlation test produced a coefficient of 0.342 with a 
p-value of 0.005. 
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As both p-values are lower than the alpha of 0.05 this suggests we reject the null hypothesis 
and state that there is a possibility that a positive relationship exists between the two 
variables. This statistical test provides evidence that oversize may be correlated to sleep time 
although this correlation doesn’t appear to be strong. 
5.3 CONCLUSION 
After assessing the information obtained for an investigation regarding the correlation 
between the sleep time of 67 production rings and oversize recorded at drawpoint it is 
possible to draw a conclusion that there may be a relationship between the two variables. The 
analysis conducted was unable to disprove this and therefore the hypothesis of no correlation 
must be rejected. Although it is not possible to reject this hypothesis the level of correlation 
present appears low at 0.3 to 0.34 with perfect positive correlation being +1. The possible 
reason behind a correlation not being strong may be the quantity of factors that contribute to 
the fragmentation and flow of a SLC mine. Even with a minimal significance to the 
correlation it would still be in the best interest of the mine to minimise the length of time each 
ring is slept as this will allow for further optimisation of production blasting. 
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6. CONCLUSION 
After a thorough review was conducted on relevant pieces of academic literature it was 
concluded that while the many productive and operational benefits associated with pre-
charging were well documented, there was limited research into the negative impacts of pre-
charging on production blasting in sublevel cave mining. Due to this finding, a scope for a 
quantitative and qualitative research paper was outlined. Based on this scope the main aim of 
the research was to investigate the level of correlation between the following; 
• Sleep time of production rings and near field vibrations of the blast, 
• Sleep time of production rings and detonation performance identified in blast 
recordings, 
• Sleep time of production rings and oversize in the draw point. 
With the above aims highlighted data was obtained from Ernest Henry Mine which is a sub 
level cave mine operating in the far north west of Queensland. Data was obtained from site 
for particle vibrations, sleep time, oversize and blasting parameters. An analysis method was 
then formulated on the basis of past literature. 
Through an in depth analysis of how sleep time affects particle vibration intensity and 
predictability a conclusion was formulated that with a sleep time greater than 21 days there 
will be a reduction in the overall intensity of a production blast. Additionally, it was found 
that there was a decrease in the R2 value of the model from 0.6622 to 0.4875 which suggests 
a decrease in the predictability of peak particle velocities. Furthermore, an analysis of the 
detonation performance through variance from predicted peak particle velocities supported 
this argument that a greater sleep time reduced the predictability of blast vibrations while also 
concluding that an increase in sleep time creates inefficiencies in the performance of a 
production blast. The addition of these inefficiencies mean that optimisation of the blasting 
process is not possible until controls are implemented. 
In analysing the oversize data, it was determined that the oversize as a percentage of the total 
design tonnes was the most reliable source of data to interpret. Initially the distributions of 
sleep time and oversize percentage didn’t provide any identifiable correlation between the 
two variables. Furthermore, the heat maps identified possible trends in the production of the 
level with changing progression rates through the cave. There was only slightly noticeable 
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clustering visible in the oversize percentage and no clear relationship between the two heat 
maps. After a statistical analysis was conducted regarding the correlation of the two variables 
is was concluded that although the correlation was not strong there was the possibility that a 
relationship between the two variables existed. Moreover, it was suggested that the reason 
behind the correlation not appearing strong may be due to the quantities of factors that 
contribute the fragmentation and flow of a SLC. 
The findings of this research provides evidence to support a reduction in the sleep time of 
production rings to allow for further optimisation of the production process. Optimising each 
input variable will in turn create value in the overall mining operation. 
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7. RECOMMENDATIONS 
Based on the above research and the conclusions on the interpretation of results the following 
recommendations are made: 
1. Avoid any production blasting with sleep times exceeding 21 days as this may lead 
to inefficiencies in blasting performance and may lead to suboptimal production 
conditions. 
2. Develop a measure of blast performance that incorporates several outputs in order to 
analyse how effective each production blast is and to further allow for optimisation 
of the production process in SLC mines. 
3. Develop a measure of oversize that removes the limitations currently encountered as 
the data will allow for further quantitative investigations into productivity. 
4. Conduct explosive product testing in underground environments to assess the long 
term effects of bulk explosives after being loaded, this will provide information on 
the changes to density of the explosive over time and how the gassing agent is 
affected. 
5. Research into how the VOD is affected by changing sleep times and whether this 
can provide support for the conclusion determined from the above investigation. 
6. Research into altering explosive characteristics to determine how they affect 
production rates in an SLC mine and whether they can provide any insight into how 
to increase productivity on a long term basis. 
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9. APPENDIX 
9.1 APPENDIX A 
Table 9. 
Peak particle vibration data for the first hole of each blast 
Level Drive Ring Sleep 
Time 
Distance 
From Sensor 
MIC Hole D 
(kg) 
VPPV Hole 
D (m/s)  
VPPV Hole 
D (mm/s)  
SD Hole D Log SD 
Hole D 
Log VPPV 
Hole D 
1550 OREDRV05 35 1 59 257 0.0362 36.2 3.680 0.566 1.559 
1550 OREDRV13 34 5 46 267.4 0.0187 18.7 2.813 0.449 1.272 
1550 OREDRV05 47 6 44 253.8 0.0193 19.3 2.762 0.441 1.286 
1550 OREDRV05 48 7 43.5 248.8 0.0423 42.3 2.758 0.441 1.626 
1550 OREDRV05 36 8 57 256.9 0.0073 7.3 3.556 0.551 0.863 
1550 OREDRV15 33 8 67 262.2 0.0283 28.3 4.138 0.617 1.452 
1550 OREDRV15 34 8 54.5 257.7 0.0126 12.6 3.395 0.531 1.100 
1550 OREDRV05 39 9 52.5 260.3 0.0073 7.3 3.254 0.512 0.863 
1550 OREDRV05 40 9 51 259.2 0.0082 8.2 3.168 0.501 0.914 
1550 OREDRV13 35 9 43.5 267 0.013 13 2.662 0.425 1.114 
1550 OREDRV13 36 9 41.25 267 0.0148 14.8 2.524 0.402 1.170 
1550 OREDRV15 35 9 52.5 261.5 0.014 14 3.247 0.511 1.146 
1550 OREDRV05 45 10 45.25 250.5 0.0121 12.1 2.859 0.456 1.083 
1550 OREDRV05 46 10 45 253.8 0.0183 18.3 2.825 0.451 1.262 
1550 OREDRV13 37 10 39 265.7 0.0609 60.9 2.393 0.379 1.785 
1550 OREDRV15 36 10 50.25 262.9 0.0216 21.6 3.099 0.491 1.334 
1550 OREDRV15 37 10 48.5 262.7 0.0077 7.7 2.992 0.476 0.886 
1550 OREDRV09 38 11 34.75 256.4 0.015 15 2.170 0.336 1.176 
1550 OREDRV11 46 11 13 270.2 0.1727 172.7 0.791 -0.102 2.237 
1550 OREDRV09 49 12 14.25 269.6 0.1155 115.5 0.868 -0.062 2.063 
1550 OREDRV11 36 12 43.5 273.5 0.0122 12.2 2.630 0.420 1.086 
1550 OREDRV09 42 13 26 268.1 0.0427 42.7 1.588 0.201 1.630 
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1550 OREDRV09 43 14 24 270.3 0.0588 58.8 1.460 0.164 1.769 
1550 OREDRV11 43 15 21 269.1 0.0542 54.2 1.280 0.107 1.734 
1550 OREDRV09 47 16 10.5 268.4 0.4176 417.6 0.641 -0.193 2.621 
1550 OREDRV13 44 16 23.75 266.3 0.0295 29.5 1.455 0.163 1.470 
1550 OREDRV15 38 16 46.5 257.9 0.012 12 2.896 0.462 1.079 
1550 OREDRV07 38 17 44.5 272.8 0.0193 19.3 2.694 0.430 1.286 
1550 OREDRV13 38 17 39 265.7 0.0099 9.9 2.393 0.379 0.996 
1550 OREDRV15 39 17 45 254.8 0.0102 10.2 2.819 0.450 1.009 
1550 OREDRV11 44 18 18.5 266.5 0.0425 42.5 1.133 0.054 1.628 
1550 OREDRV11 45 18 15.5 275.1 0.0526 52.6 0.935 -0.029 1.721 
1550 OREDRV13 39 18 34.25 266.7 0.01 10 2.097 0.322 1.000 
1550 OREDRV13 43 18 25.75 265.9 0.0273 27.3 1.579 0.198 1.436 
1550 OREDRV07 46 19 31 265.5 0.0435 43.5 1.903 0.279 1.638 
1550 OREDRV07 44 20 33.5 266.2 0.0252 25.2 2.053 0.312 1.401 
1550 OREDRV15 42 20 39.5 260 0.0438 43.8 2.450 0.389 1.641 
1550 OREDRV15 43 20 38 254.7 0.0188 18.8 2.381 0.377 1.274 
1550 OREDRV07 49 21 28.5 261.4 0.0227 22.7 1.763 0.246 1.356 
1550 OREDRV09 48 21 15 266 0.2088 208.8 0.920 -0.036 2.320 
1550 OREDRV11 37 21 31.25 267.8 0.0346 34.6 1.910 0.281 1.539 
1550 OREDRV13 47 21 19 261.5 0.17 170 1.175 0.070 2.230 
1550 OREDRV07 39 22 42 271.8 0.0331 33.1 2.548 0.406 1.520 
1550 OREDRV07 48 22 29.25 265.9 0.0295 29.5 1.794 0.254 1.470 
1550 OREDRV11 42 22 23.5 270.5 0.024 24 1.429 0.155 1.380 
1550 OREDRV13 42 22 27.5 263.9 0.0204 20.4 1.693 0.229 1.310 
1550 OREDRV09 37 23 32.25 261.6 0.0158 15.8 1.994 0.300 1.199 
1550 OREDRV09 45 23 19.75 267.6 0.0418 41.8 1.207 0.082 1.621 
1550 OREDRV13 45 23 22 265.4 0.0319 31.9 1.350 0.130 1.504 
1550 OREDRV07 42 24 31.5 268.4 0.0318 31.8 1.923 0.284 1.502 
1550 OREDRV07 45 25 32.25 268.5 0.0297 29.7 1.968 0.294 1.473 
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1550 OREDRV11 38 25 34.5 270.4 0.0104 10.4 2.098 0.322 1.017 
1550 OREDRV11 39 25 31 270.2 0.0151 15.1 1.886 0.276 1.179 
1550 OREDRV11 48 26 8 264 0.1334 133.4 0.492 -0.308 2.125 
1550 OREDRV15 45 27 35.5 259 0.0325 32.5 2.206 0.344 1.512 
1550 OREDRV07 40 28 20 269.1 0.0413 41.3 1.219 0.086 1.616 
1550 OREDRV09 39 28 33 262.7 0.0179 17.9 2.036 0.309 1.253 
1550 OREDRV13 40 28 32 265.4 0.0175 17.5 1.964 0.293 1.243 
1550 OREDRV15 46 28 34.5 261.4 0.0098 9.8 2.134 0.329 0.991 
1550 OREDRV07 43 29 35 268.5 0.0711 71.1 2.136 0.330 1.852 
1550 OREDRV09 40 31 30.5 262.7 0.0293 29.3 1.882 0.275 1.467 
1550 OREDRV11 40 31 28.5 272 0.0352 35.2 1.728 0.238 1.547 
1550 OREDRV09 41 32 28 267 0.0354 35.4 1.714 0.234 1.549 
1550 OREDRV15 40 36 43 260 0.0148 14.8 2.667 0.426 1.170 
1550 OREDRV07 41 39 38.5 125.8 0.0254 25.4 3.433 0.536 1.405 
1550 OREDRV11 41 39 26 263.8 0.0186 18.6 1.601 0.204 1.270 
1550 OREDRV15 41 42 41 258.5 0.0151 15.1 2.550 0.407 1.179 
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9.2 APPENDIX B 
Table 10. 
Example of blast particle vibration velocity recording 
Time (s) Velocity X (m/s) Velocity Y (m/s) Velocity Z (m/s) Vector Sum 
0.2423 -3.67E-06 -3.83E-06 1.32E-05 6.98565E-06 
0.2425 -9.12E-05 1.88E-05 1.84E-06 4.58744E-05 
0.2427 -2.91E-04 5.80E-05 2.92E-05 0.000146851 
0.2428 -9.11E-04 1.94E-04 5.28E-05 0.000459868 
0.2430 -2.74E-03 5.51E-04 1.74E-04 0.001381681 
0.2432 -8.24E-03 1.78E-03 4.72E-04 0.004165234 
0.2433 -1.29E-02 2.97E-03 1.02E-03 0.006573818 
0.2435 -1.81E-02 4.21E-03 4.71E-04 0.009186542 
0.2437 -2.19E-02 5.57E-03 1.74E-05 0.011174463 
0.2438 -2.23E-02 5.91E-03 -3.64E-05 0.011381465 
0.2440 -2.35E-02 7.01E-03 -1.35E-03 0.012117301 
0.2442 -2.46E-02 8.33E-03 -2.28E-03 0.012901864 
0.2443 -2.60E-02 1.00E-02 -3.36E-03 0.013866236 
0.2445 -2.38E-02 1.11E-02 -2.08E-03 0.013034301 
0.2447 -1.91E-02 1.10E-02 -2.99E-04 0.010899607 
0.2448 -1.27E-02 1.03E-02 5.54E-05 0.008117631 
0.2450 -8.20E-03 9.52E-03 1.48E-03 0.006261251 
0.2452 -3.68E-03 8.71E-03 7.04E-04 0.00469658 
0.2453 3.24E-05 7.08E-03 1.59E-04 0.003508026 
0.2455 4.30E-03 6.20E-03 2.25E-04 0.003739574 
0.2457 8.11E-03 5.03E-03 -2.15E-03 0.004848266 
0.2458 1.11E-02 4.71E-03 -4.43E-03 0.006353214 
0.2460 1.21E-02 3.93E-03 -7.08E-03 0.007213852 
0.2462 1.15E-02 4.09E-03 -9.65E-03 0.007730287 
0.2463 9.02E-03 3.77E-03 -9.38E-03 0.006722878 
0.2465 5.38E-03 4.55E-03 -8.77E-03 0.005587156 
0.2467 1.89E-03 5.31E-03 -7.27E-03 0.004569808 
0.2468 -1.45E-03 5.04E-03 -4.40E-03 0.003401054 
0.2470 -3.86E-03 4.06E-03 -1.60E-03 0.00289641 
0.2472 -5.36E-03 1.17E-03 9.05E-04 0.002766126 
0.2473 -5.47E-03 -2.07E-03 1.10E-03 0.002959124 
0.2475 -4.83E-03 -5.63E-03 1.80E-03 0.003800052 
0.2477 -3.55E-03 -9.58E-03 2.37E-03 0.005222193 
0.2478 -2.05E-03 -1.26E-02 1.57E-04 0.006331352 
0.2480 -5.72E-05 -1.45E-02 -2.20E-04 0.007208135 
0.2482 2.29E-03 -1.38E-02 -2.26E-03 0.007060308 
0.2483 4.62E-03 -1.17E-02 -4.91E-03 0.006738834 
0.2485 5.58E-03 -8.44E-03 -4.88E-03 0.005599229 
0.2487 6.60E-03 -4.42E-03 -3.93E-03 0.004416449 
0.2488 6.00E-03 -2.11E-03 -4.03E-03 0.003756589 
0.2490 5.72E-03 -3.04E-04 -3.03E-03 0.003233347 
0.2492 5.21E-03 -1.21E-03 -1.38E-03 0.002756566 
0.2493 4.30E-03 -5.16E-03 -1.13E-03 0.003399926 
0.2495 3.36E-03 -9.01E-03 9.05E-04 0.004823216 
0.2497 1.77E-03 -1.22E-02 1.96E-03 0.006254725 
0.2498 -4.17E-04 -1.49E-02 1.23E-03 0.007452938 
0.2500 -3.17E-03 -1.71E-02 3.38E-03 0.008857675 
0.2502 -6.22E-03 -1.84E-02 3.99E-03 0.009916122 
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9.3 APPENDIX C 
Table 11.  
Pitram Data Output example 
Level Drive Ring Number of 
Holes 
Design Tonnes 
(with DS applied) 
Date Charge 
Completed 
Date Fired Total Actual 
Tonnes 
Sleep 
Time 
1550 OREDRV_05 10 8 1137.36 29-Dec-14 30-Jan-15 1280 32 
1550 OREDRV_05 11 8 1128.4 26-Jan-15 31-Jan-15 1130.34 5 
1550 OREDRV_05 12 8 955.96 28-Jan-15 01-Feb-15 958.46 4 
1550 OREDRV_05 13 8 798.36 31-Jan-15 05-Feb-15 823.34 5 
1550 OREDRV_05 14 8 796.8 01-Feb-15 12-Feb-15 630 11 
1550 OREDRV_05 15 8 1335.24 03-Feb-15 16-Feb-15 1343.32 13 
1550 OREDRV_05 16 8 1590.9702 10-Feb-15 09-Mar-15 1345.5 27 
1550 OREDRV_05 17 8 1598.1774 16-Feb-15 20-Mar-15 731.79 32 
1550 OREDRV_05 18 8 1599.5052 21-Feb-15 14-Apr-15 692.75 52 
1550 OREDRV_05 19 8 1601.5176 03-Mar-15 16-Apr-15 1418.04 44 
1550 OREDRV_05 20 8 1604.2422 16-Apr-15 21-May-15 1400.05 35 
1550 OREDRV_05 21 8 1606.8534 31-May-15 01-Jun-15 0 1 
1550 OREDRV_05 22 8 1614.1506 31-May-15 01-Jun-15 0 1 
1550 OREDRV_05 24 8 1628.076 01-Jun-15 01-Jun-15 1951 0 
1550 OREDRV_05 25 8 1626.777096 01-Jun-15 09-Jun-15 1300.18 8 
1550 OREDRV_05 26 8 1622.06554 01-Jun-15 28-Jun-15 0 27 
1550 OREDRV_05 27 8 1598.203967 21-Aug-15 29-Aug-15 0 8 
1550 OREDRV_05 28 8 0 28-Jun-15 28-Jun-15 0 0 
1550 OREDRV_05 32 8 1637.760096 29-Aug-15 29-Aug-15 783.5 0 
1550 OREDRV_05 33 8 1657.767423 03-Sep-15 03-Sep-15 736 0 
1550 OREDRV_05 34 8 1645.456112 03-Sep-15 04-Sep-15 1257 1 
1550 OREDRV_05 35 8 1668.726834 04-Sep-15 05-Sep-15 1758.24 1 
1550 OREDRV_05 36 8 1665.583073 04-Sep-15 12-Sep-15 1546.3 8 
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9.4 APPENDIX D 
Table 12. 
Example of Oversize Recorded Data 
Date ShKey Equipment Destn_Description MeasureValue 
24/09/2015 20150924P1 ELD208 1550__SPLORE_00____C 8.76 
28/09/2015 20150928P1 ELD 202 1550__SPLORE_00____C 19.79999924 
28/09/2015 20150928P1 ELD 202 1550__SPLORE_00____C 46.90000153 
30/09/2015 20150930P2 ELD 202 1550__SPLORE_00____C 55.55 
12/10/2015 20151012P2 ELD213 1550__SPLORE_00____C 67.2 
14/10/2015 20151014P2 ELD213 1550__SPLORE_00____C 42.1 
20/10/2015 20151020P1 ELD212 1550__SPLORE_00____C 51.02000046 
24/10/2015 20151024P1 ELD 205 1550__SPLORE_00____C 67.3 
20/06/2015 20150620P1 ELD207 1550__SPLORE_00____C 65 
25/06/2015 20150625P1 ELD208 1550__SPLORE_00____C 18 
25/06/2015 20150625P1 ELD212 1550__SPLORE_00____C 21.8 
2/07/2015 20150702P2 ELD211 1550__SPLORE_00____C 23 
11/07/2015 20150711P2 ELD 201 1550__SPLORE_00____C 234 
27/07/2015 20150727P1 ELD208 1550__SPLORE_00____C 63.25999832 
27/07/2015 20150727P1 ELD208 1550__SPLORE_00____C 116.69 
4/08/2015 20150804P2 ELD208 1550__SPLORE_00____C 31 
9/08/2015 20150809P2 ELD 206 1550__SPLORE_00____C 52.7 
14/08/2015 20150814P2 ELD 203 1550__SPLORE_00____C 132.3000031 
16/08/2015 20150816P2 ELD211 1550__SPLORE_00____C 61 
28/08/2015 20150828P2 ELD 202 1550__SPLORE_00____C 42 
28/08/2015 20150828P2 ELD 202 1550__SPLORE_00____C 24 
28/08/2015 20150828P2 ELD 202 1550__SPLORE_00____C 32 
28/08/2015 20150828P2 ELD 202 1550__SPLORE_00____C 14 
29/08/2015 20150829P2 ELD 202 1550__SPLORE_00____C 32 
29/08/2015 20150829P2 ELD 202 1550__SPLORE_00____C 32 
5/09/2015 20150905P2 ELD210 1550__SPLORE_00____C 43.1 
6/09/2015 20150906P2 ELD210 1550__SPLORE_00____C 56 
7/09/2015 20150907P1 ELD208 1550__SPLORE_00____C 155 
13/09/2015 20150913P1 ELD210 1550__SPLORE_00____C 15 
15/09/2015 20150915P2 ELD209 1550__SPLORE_00____C 13.30000019 
16/09/2015 20150916P2 ELD212 1550__SPLORE_00____C 40.29999924 
19/09/2015 20150919P2 ELD214 1550__SPLORE_00____C 25 
22/09/2015 20150922P2 ELD208 1550__SPLORE_00____C 120 
23/09/2015 20150923P1 ELD209 1550__SPLORE_00____C 16.60000038 
23/09/2015 20150923P1 ELD209 1550__SPLORE_00____C 17.79999924 
23/09/2015 20150923P1 ELD209 1550__SPLORE_00____C 23.39999962 
23/09/2015 20150923P1 ELD209 1550__SPLORE_00____C 10.5 
26/09/2015 20150926P2 ELD 201 1550__SPLORE_00____C 24 
28/09/2015 20150928P2 ELD 202 1550__SPLORE_00____C 30 
30/09/2015 20150930P2 ELD 202 1550__SPLORE_00____C 26.4 
3/10/2015 20151003P1 ELD 202 1550__SPLORE_00____C 62 
4/10/2015 20151004P1 ELD214 1550__SPLORE_00____C 121.5999985 
7/10/2015 20151007P2 ELD213 1550__SPLORE_00____C 30.60000038 
17/10/2015 20151017P1 ELD212 1550__SPLORE_00____C 161.1199951 
17/10/2015 20151017P2 ELD212 1550__SPLORE_00____C 57 
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9.5 APPENDIX E 
 
Figure 29. Charge return for Level 1550 Ore Drive 09 Ring 3
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9.6 APPENDIX F 
 
Figure 30. Blast vibration signature for OD07 r38 
 
Figure 31. Blast vibration signature for OD07 r42 
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Figure 32. Blast vibration signature for OD09 r37 
 
Figure 33. Blast vibration signature for OD09 r38 
0
5
10
15
20
25
30
0.0000 0.0250 0.0500 0.0750 0.1000 0.1250 0.1500 0.1750 0.2000
P
P
V
 (
m
m
/s
)
Time (s)
Blast Signature
OD09 r37
0
5
10
15
20
25
30
35
40
0.0000 0.0250 0.0500 0.0750 0.1000 0.1250 0.1500 0.1750 0.2000
P
P
V
 (
m
m
/s
)
Time (s)
Blast Signature
OD09 r38
64 
 
 
Figure 34. Blast vibration signature for OD09 r40 
 
Figure 35. Blast vibration signature for OD11 r36 
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Figure 36. Blast vibration signature for OD11 r37 
 
Figure 37. Blast vibration signature for OD13 r34 
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Figure 38. Blast vibration signature for OD13 r35 
 
Figure 39. Blast vibration signature for OD13 r40
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9.7 APPENDIX G 
 
 
Figure 40. Schedule timeline for thesis project
68 
 
9.8 APPENDIX H 
As a means of safety and precautions, risk assessments are conducted to highlight and control 
risks that are associated with procedures conducted in and around a mine site. The nature of 
data acquisition for the research project is directly related to operations at Ernest Henry 
Mining, which is located in North West Queensland, this leads to the use of risk management 
tool developed by the Queensland Resource Council. Below in Table 13 the classifications 
for risk rankings are shown. 
Table 13. 
Risk ranking and classification 
Level  Consequence Injury Classification Damage Loss 
1 Very Low Minor Injury  < $5,000 
2 Low Medically Treated Injury  $5,000 - $50,000 
3 Moderate 
Lost Time Injury or Illness (< 2 
weeks) 
$50,000 - $500,000 
4 High 
Lost Time Injury or Illness (< 2 
weeks) 
$500,000 - $1,000,000 
5 Extreme/Severe Fatality/Permanent Disability  >  $1,000,000 
Associated with risk ranking classifications is the risk matrix, which can be seen below in 
Table 14.  
Table 14. 
Risk ranking matrix 
 Consequences 
Likelihood Very Low (1) Low (2) Moderate (3) High (4) Extreme (5) 
Almost 
Certain (A) 
Significant Significant High High High  
Likely (B) Moderate Significant Significant High High 
Moderate (C) Low Moderate Significant High High 
Unlikely (D) Low Low Moderate Significant High 
Rare (E) Low Low Moderate Significant Significant 
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In using the risk ranking matrix each procedure is allocated a likelihood from A to E and a 
consequence from 1 to 5 as seen in the above matrix (all allocations are made with controls in 
place). Based on these classifications the relative risk is shown with a colour scheme ranking 
the risk of the procedure. The colour scheme ranking can be seen in Table 15 below. 
Table 15. 
Risk management colour scheme 
Colour Risk 
Red High 
Orange Significant 
Yellow Moderate 
Green Low 
Using this risk management method described above for each identifiable hazard associated 
with the research project the following risk assessment seen in Table 16 was conducted. 
Table 16. 
Research project risk assessment 
Task Hazard Likelihood  Consequence  Risk Rating  Controls 
Geophone 
Installation 
Rocks falling D 3 Moderate 
 Mesh 
 Roof bolting 
 PPE 
 Grout burn C 2 Moderate 
 PPE 
 Correct practices 
 Trained and competent  
 
Machinery 
interactions 
B 2 Moderate 
 Positive Communication 
 High Visibility PPE 
 Dust C 1 Low 
 PPE 
 Ventilation 
Data 
Acquisition 
Poor quality 
data 
C 2 Moderate 
 Correct installation 
 Quality testing 
 
Damage to 
geophones 
C 2 Moderate 
 Correct Installation 
 Safe transportation 
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 Poor signal D 2 Low 
 High quality signal 
provided 
 Correct Installation 
 
Inaccurate 
recordings  
D 3 Moderate 
 Correctly setup prior to 
installation 
 
Operational 
hold ups 
B 1 Moderate 
 Ensure good engineering 
practices 
 
Site constraints 
in data 
acquisition 
C 2 Moderate 
 Early acquisition of data 
 Positive communication 
with head of site 
Data 
Analysis 
Misunderstood 
data 
D 1 Low 
 Good technical 
understanding of data 
 Read literature on topic  
 
Computer 
analysis 
constraints 
D 2 Low 
 Work to strengths of 
data analysis 
 Manipulate data into an 
easily accessible format 
 
Excessive time 
conducting data 
sorting 
C 2 Moderate 
 Time effective and 
efficient 
 Manage time 
appropriately 
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9.9 APPENDIX I 
In order to develop an applicable contingency plan, it must be noted that methods for the 
acquisition of data have been implemented over the summer break. During this period the 
particle velocity data from 4 geophones was acquired along with oversize rock data. For the 
continued development of the research project it is assumed that further contact with site may 
be necessary and that the data acquired from site will need to be used during the completion 
of the project. This is what the contingency plan will be based on Table 17. 
Table 17. 
Contingency plan 
Set Back Trigger Action Result 
Contact on site leaves Holidays or redundancy 
Make contact with 
other people at site 
Achieve positive 
communication with site 
Loss of data Hard drive fails  
Make several copies of 
data and progress 
Removes risk of losing all 
work at each backup point 
 
